Cropland soil respiration (Rs) is a major part of CO2 transportation between the atmosphere and terrestrial ecosystems. Stalk retention is an effective method to conduct sustainable agricultural development. However, the relationship between long-term maize (Zea mays L.) stalk retention and seedtime Rs is not yet fully understood; two experimental zones with the same management history were therefore chosen to conduct the comparative study. Rainfed maize monoculture was the only crop cultivated in the study site. One zone (CZ) was covered by 5639 kg ha -1 maize stalk residue (MSR) after harvesting, and the other zone (BZ) has been left bare since autumn 2000. Annual measurements with 10 replicates were conducted at seedtime in 2015, 2016, and 2017. Results showed that mean Rs was 4.11 and 4.99 μg CO2 g -1 soil h -1 for CZ and BZ, respectively. Compared with BZ, CZ soil moisture was higher, but its soil temperature was lower. Although soil microbial abundances in CZ and BZ had decreasing trends between two adjacent seedtimes, there was a nonsignificant decrease of actinomycetes (p > 0.1) and fungi (p > 0.1) in BZ. The mean percentages of alkyl-carbon (Alkyl-C) were 25.6% and 35.0% for CZ and BZ, respectively. Redundancy analyses (RDA) showed that decreasing soil temperature, soil fungi, Alkyl-C as well as increasing soil moisture could explain reduced Rs in CZ. Maize stalk retention reduces seedtime Rs, thus maize stalk retention might contribute to soil C sequestration.
INTRODUCTION
Conservation tillage is an effective method to facilitate sustainable agricultural development (Jia et al., 2010) . Stalk retention is one of the central components of conservation tillage and the benefits of stalk retention are regionally variable and depend on both agro-climatic and socioeconomic factors; studies from developing countries in Asia, Latin America, and Africa have reported positive effects that include increased soil organic carbon (SOC), soil water retention, and nutrient cycling together with decreased soil loss (Nyakudya and Stroosnijder, 2015; Turmel et al., 2015) .
Soil respiration is the CO2 emission process and is the C flux between the atmosphere and terrestrial ecosystem; furthermore, cropland soil respiration (Rs) also plays an important role in CO2 transportation. Agricultural management greatly influences cropland Rs (Chavarría et al., 2016) . For instance, stalk retention changes soil temperature, soil moisture, and soil nutrient status, especially in the tillage layer (Koiter and Lobb, 2008) . Inversely, these soil property changes affect Rs (Isla et al., 2016; Qin et al., 2016) . Diverse soil temperature experimental results have indicated that the Rs rate is closely related to soil temperature. Soil respiration is one type of enzymatic reaction and, within a certain temperature range, there is higher temperature and higher enzymatic activity and vice versa (Wu et al., 2015) . Soil respiration is controlled by the thermodynamic law; when the temperature decreases below 0 °C, most microbial activity almost ceases, but when the temperature rises again, most microbial activity increases, although there are some specific differences. Soil respiration does not continue to rise along with increasing temperature; otherwise, Rs declines when temperature exceeds the optimum temperature range (Richardson et al., 2012) . Soil moisture is another key factor influencing Rs because it can supply water to soil microbes and plant roots; water is the essential reactant for SOC decomposition by soil microbes. Meanwhile, soil moisture can influence soil aeration, which determines the oxygen content in soil pores, and Rs can only be carried out under oxygen conditions (Fóti et al., 2014) . Soil microorganisms play an important role in the SOC decomposition process, soil microbial community, in species characteristics, microbial abundance, and their activity can affect Rs. According to Condron et al. (2010) , approximately 85% to 90% of SOC was decomposed by soil bacteria and soil fungi. Ran et al. (2010) conducted several experiments in forests and high latitude meadows and their research results indicated that the determination of soil bacteria and soil actinomycete coefficients for Rs were 0.52 and 0.71, respectively. The carbon (C) substrate is also very important for Rs. Both the quality and quantity of the C substrate can affect Rs. The C substrate comes from SOC, and the recalcitrant degree of SOC determines the decomposition rate. In other words, the higher the molecular weight, the more complex the structure and the more stable the chemical bonds, the harder SOC decomposition. Soil microbes prefer the labile C substrate, especially when nutrient availability increases (Edwards et al., 2011) . Increasing nutrient availability can also induce microbes to reduce the expression of ligninolytic genes (Edwards et al., 2011) and decrease their enzyme production, which is responsible for recalcitrant C decomposition (Sinsabaugh et al., 2015) . Alkyl-carbon, O-alkyl-carbon (O-Alkyl-C), aromatic-carbon (Aromatic-C), and carbonyl-carbon (Carbonyl-C) are major components of SOC; in general, O-Alkyl-C, Aromatic-C, and Carbonyl-C are more recalcitrant as compared with Alkyl-C (Dou et al., 2008) .
Although the effects of nitrogen (N) addition and soil temperature on Rs have been widely studied, the relationship between maize stalk retention and seedtime Rs is not yet fully understood. Our objective was to find the relationship between maize stalk retention and seedtime Rs. In the present study, we hypothesized that long-term maize stalk retention not only altered soil temperature and soil moisture, but also altered the C composition and soil microbial abundance, which could alter Rs.
MATERIALS AND METHODS

Study site description
The study site is located in Huashishan County, Siping City, Jilin Province, China (43.31° N, 124.62° E), with an annual mean temperature of 4.8 °C, annual precipitation from 522 mm to 615 mm, and annual accumulated temperature from 2770 to 2910 °C. Spring is from late March to late June. The study site covers approximately 25 ha and was used as the headquarters for highway construction between 1993 and 1997. Since the completion of the highway, the study site has been naturally fallowed until the spring of 2000. According to the USDA soil taxonomy, the soil belongs to Mollisols. According to Chinese soil taxonomy, the great group is Black soils and the soil order is Semi-luvisols. A basic soil test was conducted in the autumn of 2000 and resulted in 13 391 mg SOC kg -1 , 1192 mg N kg -1 , 2473 mg available P kg -1 , 1597 mg available K kg -1 in the 0-30 cm soil depth, and soil pH values ranged from 6.5 to 7.1. The proportion of sand, silt, and clay was 57%, 13%, and 30%, respectively.
Field experimental design
The rainfed maize monoculture was the only crop on this study site; maize was planted with a no-till planter, seedtime was between late April and early May, and it was harvested in early October. Mechanical weeding control was applied during the growing period. To limit the experimental factors, no chemical fertilizers or manure were used.
The study was initiated in the year 2000 and two zones of 200 m wide and 300 m long were selected; the width was in the east-west direction and the length in the south-north direction. There was a 50 × 300 m area between the two zones, and it was fallowed throughout the study and acted as a buffer zone. One zone (CZ) was covered by maize stalk residue (MSR) after harvesting and the other zone (BZ) was left bare after harvesting (Figure 1 ). The CZ maize stalk was crushed into small pieces (< 5 cm) by maize combine harvesters and BZ maize stalk was picked. The MSR dry mass becomes constant in late October or early November based on experience; to quantify MSR, five 2.25 m 2 square blocks were randomly selected in CZ. Subsequently, total MSR was collected and annually weighed every day from 25 October until the average dry mass of two adjacent days was not significantly different (p > 0.05); the average dry mass was used to calculate the amount of MSR in CZ. According to the measurements obtained from 2000 to 2017, average dry mass was 5639 kg ha -1 . Although there was still some MSR in BZ (Figure 1 ), this study disregarded it.
Excluding maize stalk management, other management procedures were the same for the two zones. To establish 10 replicates, 10 plots of 10 × 20 m were randomly selected in each zone, and 10 random soil sampling points were chosen in each plot for multiple measurements.
Soil sampling
Field measurements were performed to obtain Rs, soil temperature, and soil moisture, and measurements lasted for 5 d at each seedtime. Soil cores were collected following the measurement period and transported to the lab for further analyses. Given that seedtime is between late April and early May, sampling dates were selected according to the following rules:
(1) to acquire accurate soil moisture values, the starting date needed to be a sunny day and the interval since the last rain more than 2 d and (2) the measurement period had to be without rain. If it rained, the measured data of the rainy day was discarded, and the rest of the measurements were continued when the weather requirements were met. The sampling schedule is shown in Table 1 .
Soil respiration, soil temperature, and soil moisture were measured 24 h per day. Soil respiration was measured by an automated system (Li-8100A Soil CO2 Flux System, Li-Cor Inc., Lincoln, Nebraska, USA), which was the updated version of Li-8100, a mobile iPhone application that was added to this version. Thus, real-time operational parameters and mean Rs were shown on the iPhone terminal. The Rs rate was measured by the amount of CO2 diffusion per unit area for each time unit. It was approximately 10 cm away from the survey chamber of the Li-8100 A; a soil temperature and moisture probe (Omega Engineering, Norwalk, Connecticut, USA) was inserted 8 cm beneath the soil surface, and the Em-50 data logger (Decagon Devices, Pullman, Washington, USA) was connected to the probe with a 1-h monitoring frequency. Finally, mean soil temperature and moisture were collected; soil moisture in the present study referred to soil volumetric water content.
Soil cores used for lab analyses were collected with soil augers. The soil auger was 5 cm in diameter and 10 cm in depth. For each replicate, 10 soil cores were mixed so as to constitute one composite sample. These soil samples were immediately brought to the lab and then sieved (2 mm mesh) to remove rocks, visible roots, and debris . A soil subsample was then air-dried at room temperature (25 °C), ground with a mill, and passed through a 0.25 mm sieve.
This subsample was used to analyze soil N content, SOC content as well as C composition. The other subsample was kept at 4 °C and was used to analyze soil microbial communities and their microbial abundances.
Soil analyses
The phospholipid fatty acid (PLFA) technique was used to analyze soil microbial communities and their microbial abundances, the Sherlock Chromatographic Analysis System (MIDI, Newark, Delaware, USA) was applied, and the PLFAs were extracted from the soil sample and kept at 4 °C according to the the detailed procedure described by Bossio and Scow (1998) . The fatty acid nomenclature used in the present study was the same as the one used by Zak et al. (2000) . Dominant PLFAs were classified as bacteria (15:0, i15:0, a15:0, 16:0, i16:0, 16:1ω5, 16:1ω9, 16:1ω7t, 17:0, i17:0, a17:0, cy17:0, 18:1ω5, 18:1ω7, 18:1ω7t, i19 :0, a19:0, and cy19:0), actinomycetes (10Me16:0, 10Me17:0, and 10Me18:0), and fungi (18:1ω9, 18:2ω6, 18:3ω6, and 18:3ω3) . The unit of fatty acid abundance was nmol g -1 dry soil. Soil N content and SOC content were tested with a vario MICRO cube (Elementar Co. Ltd., Langenselbold, Germany). The SOC chemical composition was analyzed using the solid-state 13 C nuclear magnetic resonance (NMR) spectroscopy by the cross polarization and magic-angle spinning technique. To enhance NMR sensitivity, the soil sample was further managed as described by Schmidt et al. (1997) . The Bruker AVANCE Ⅱ spectrometer (Bruker Corporation, Switzerland) was used to obtain the NMR spectra and the procedure was the same as the one described by Guo et al. (2017) . According to Wagai et al. (2013) and Panettieri et al. (2014) , specific C molecules reflect specific chemical shift regions. The recalcitrant level from hard to easy was ordered as Carbonyl-C > Aromatic-C > O-Alkyl-C > Alkyl-C; these four C molecules corresponded to four chemical shift regions of 166 to 210 mg kg -1 , 111 to 165 mg kg -1 , 46 to 110 mg kg -1 , and 0 to 45 mg kg -1 (Wagai et al., 2013; Panettieri et al., 2014) . The specific C molecule content was obtained by integrating the corresponding spectral regions.
Data analysis
The SPSS 22.0 software for Windows (IBM, Armonk, New York, USA) was used in the present study to perform statistical analyses; Student's t test was used to confirm whether the difference between stalk retention and stalk removal was significant, and the comparative items included Rs, soil temperature, soil moisture, soil N content, SOC content, specific C molecule content, and specific microbial abundance. In addition, redundancy analysis (RDA) was performed to determine to what extent stalk retention, soil temperature, and soil moisture could explain the differences in Rs, soil N content, SOC content, and soil microbial abundance as well as C molecule content.
RESULTS
Soil respiration rates
The Rs rates are displayed in Figure 2 ; they were averaged across three seedtimes and the Rs rate for CZ was 4.11 μg CO2 g -1 soil h -1 , while the Rs rate for BZ was 4.99 μg CO2 g -1 soil h -1 . The BZ Rs rates were higher than the CZ rates for the three seedtimes. The Rs differences between the two treatments were 0.64, 0.34, and 0.76 μg CO2 g -1 soil h -1 for 2015, 2016, and 2017, respectively. Further statistical analyses indicated that the yearly Rs difference was significant (2015: t9 = 22.6, p < 0.05; 2016: t9 = 12.1, p < 0.05; 2017: t9 = 5.9, p < 0.05). In addition, Rs for CZ had a decreasing trend from 2015 to 2017 and the decreasing value was 0.45 μg CO2 g -1 soil h -1 , while Rs for BZ had no such decreasing trend. Soil temperature, soil moisture, soil N content, and soil organic carbon content Since this experiment was initiated, maize stalk retention and maize stalk removal has been implemented for 15 yr. Compared with the test results that were obtained in the autumn of 2000, the soil N content and SOC content in CZ increased, while the soil N content and SOC content in BZ decreased (Table 2) . Table 2 also demonstrates that the soil temperature, soil moisture, soil N content, and SOC content were different between the two treatments. In general, BZ soil temperatures were higher than in CZ; however, values in CZ were higher than in BZ for other soil properties including soil moisture, soil N content, and SOC content.
As for the three seedtimes in 2015, 2016, and 2017, BZ soil temperatures were 26.6%, 20%, and 28.6% higher than in CZ, soil moisture in CZ was 14.8%, 12.7%, and 22% higher than in BZ, soil N content in CZ was 2.67%, 5.76%, and 7.99% higher than in BZ, and SOC content in CZ was 6.93%, 12.99%, and 22.34% higher than in BZ.
Statistical analyses indicated that soil temperatures between the two treatments had significant differences (2015: t9 =16.2, p < 0.05; 2016: t9 = 15.3, p < 0.05; 2017: t9 = 9.9, p < 0.05). The same significant differences were found for soil moisture (2015: t9 = 43.1, p < 0.05; 2016: t9 = 21.4, p < 0.05; 2017: t9 = 22.7, p < 0.05), soil N content (2015: t9 = 3.6, p < 0.05; 2016: t9 = 4.5, p < 0.05; 2017: t9 = 6.2, p < 0.05), and SOC content (2015: t9 = 2.9, p < 0.05; 2016: t9 = 7.1, p < 0.05; 2017: t9 = 8.6, p < 0.05).
Regarding CZ, further statistical analyses showed that the difference of soil N content was significant (t9 = 12.1, p < 0.05) between 2015 and 2016 as well as SOC content (t9 = 9.1, p < 0.05); however, there was nonsignificant difference for soil N content (t9 = 1.71, p = 0.35) or SOC content (t9 = 1.68, p = 1.43) between 2016 and 2017. As for BZ, there was a very small decrease in SOC content from 2015 to 2017, but there was nonsignificant difference in soil N content (2015-2016: t9 = 0.32, p = 0.17; 2016-2017 
Soil microbial communities and their microbial abundances
Soil microbial communities and their microbial abundances are shown in Figure 3 . Seedtimes from 2015 to 2017 exhibited decreasing trends of total PLFA, bacteria, actinomycetes, and fungi in both CZ and BZ. Averaged across the three seedtimes, means for PLFA, bacteria, actinomycetes, and fungi were 296.7, 135.0, 75.0, and 24.3 nmol g -1 dry soil in CZ and 326.0, 153.0, 91.6, and 31.6 nmol g -1 dry soil in BZ, respectively. Statistical analyses showed that mean PLFA between CZ and BZ had a significant difference (t29 = 3.76, p < 0.01). The same significant differences were found in the means for bacteria (t29 = 4.41, p < 0.01), actinomycetes (t29 = 3.11, p < 0.01), and fungi (t29 = 5.51, p < 0.01).
Statistical analyses based on two adjacent seedtimes were performed to compare whether CZ or BZ had significant differences in total PLFA, bacteria, actinomycetes, and fungi; the calculated t values are shown in Table 3 and because there were 10 replicates, the degrees of freedom of the t-test was 9. Table 3 expresses all the calculated t values based on the experimental data of two adjacent seedtimes. Regarding CZ, there were significant differences in total PLFA, bacteria, actinomycetes, and fungi between two adjacent seedtimes. As for BZ, there were significant differences in total PLFA and bacteria, but there were nonsignificant differences in actinomycetes and fungi between two adjacent seedtimes. Carbon composition of soil organic content Figure 4 demonstrates that long-term maize stalk retention resulted in a different SOC chemical composition. Averaged across three seedtimes, the mean percentages of Alkyl-C were 25.6 and 35.0 in CZ and BZ, respectively, and the mean percentages of Carbonyl-C were 13.3 and 13.0 in CZ and BZ, respectively. The Alkyl-C percentages between CZ and BZ were significantly different (2015: t9 = 4.32, p < 0.05; 2016: t9 = 3.13, p < 0.05; 2017: t9 = 3.19, p < 0.05) for the three seedtimes. The O-Alkyl-C percentages between CZ and BZ were significantly different (2015: t9 = 2.73, p < 0.05; 2017: t9 = 2.39, p < 0.05) for the 2015 and 2017 seedtimes. The O-Alkyl-C percentage between CZ and BZ had nonsignificant difference for the 2016 seedtime (Table 4) , the percentages of Aromatic-C and Carbonyl-C between CZ and BZ had nonsignificant difference (Table 4) for the three seedtimes. As for CZ, the Alkyl-C decreased by 4%, Carbonyl-C increased by 3% for the 2015 to 2017 seedtimes. Meanwhile, BZ exhibited percentages of Alkyl-C, O-Alkyl-C, Aromatic-C, and Carbonyl-C that had nonsignificant differences (Table 5 ) between the three seedtimes.
Correlation analyses
Redundancy analysis was used to explain the correlations among Rs, maize stalk retention, soil temperature, soil moisture, soil N content, SOC content, soil microbial community, soil microbial abundance, and C composition. Figure  5 illustrates that maize stalk retention together with soil temperature, soil moisture, soil N content, and SOC content could explain 89% of the primitive variables (soil respiration, soil microbial abundance, and C composition) used in the present study. In general, Rs and Alkyl-C were explained by the same factors, and Rs was positively correlated with soil Long-term maize stalk retention resulted in the severe decline of soil actinomycetes and soil fungi. Error bars indicate standard deviations (n = 10). CZ: Zone covered by maize stalk residue after harvesting; BZ: zone left bare after harvesting; PFLA: phospholipid fatty acids. In general, the labile C substrate (Alkyl-C) in CZ was less than in BZ; the relative recalcitrant C substrates (aromatic-C and carbonyl-C) in CZ were slightly higher than in BZ. Error bars indicate standard deviations (n = 10). CZ: Zone covered by maize stalk residue after harvesting; BZ: zone left bare after harvesting. 
DISCUSSION
Maize stalk retention and maize stalk removal was adopted in this study site 15 yr ago when this experiment started. Table 2 indicates that during the same measuring period, the soil temperatures in CZ were lower than those in BZ. Table 2 also illustrates that maize stalk retention had a positive effect on retaining soil moisture, improving soil N content as well as SOC content, all of which were accordance with previous studies (Gentile et al., 2011; Ismaili et al., 2015; Araya et al., 2016) . Although maize stalk retention greatly benefits soil nutrient replenishment and environmental protection (Nyakudya and Stroosnijder, 2015; Turmel et al., 2015) , the study site has a long winter from late October to late March and the average winter temperature was -17 °C (Gao et al., 2015) . Retained MSR did not completely decay every year and longterm maize stalk retention therefore did not increase soil microorganisms (Wegner et al., 2015) but resulted in a thick residue crust (Jia et al., 2010) . The residue crust absorbed substantial solar energy before solar radiation reached the soil surface, thus maize stalk retention decreases soil temperature as compared with maize stalk removal (Treseder, 2008; Lu et al., 2011; Zhou et al., 2014; Sorensen et al., 2016; Guo et al., 2017; Wang et al., 2017) . However, stalk retention benefits soil moisture retention (Slawinski et al., 2012; Song et al., 2013) . In CZ, soil temperature was lower than in BZ, but soil moisture in CZ was higher than in BZ (Table 2 ). Since 2000, maize stalk management was the only difference between CZ and BZ, thus the differences between CZ and BZ might be attributed to maize stalk retention. Redundancy analyses implied that Rs was positively correlated with soil temperature, whereas it was negatively correlated with soil moisture ( Figure 5) ; therefore, the differences in soil temperature and soil moisture between CZ and BZ could explain the Rs difference.
There were also differences in soil microbial abundances for the two treatments, mean PLFA, bacteria, actinomycetes, and fungi in CZ were all lower than in BZ (Figure 3 ). In addition, the abundance of actinomycetes and fungi was not significantly reduced in BZ but was significantly reduced in CZ (Table 3) ; the Rs difference could therefore be related to the reduction of soil microbial abundances.
On the other hand, maize stalk retention favored soil N replenishment (Table 2) . Soil N addition significantly accelerated the decomposition of labile soil C fractions, while further stabilizing soil C compounds in heavier, mineralassociated fractions. High N availability may also depress the 'microbial N mining' process; therefore, microbes preferred to use labile substrates to acquire N from SOC (Craine et al., 2007; Edwards et al., 2011; Sinsabaugh et al., 2015) . The recalcitrant level from hard to easy should be ordered as Carbonyl-C > Aromatic-C > O-Alkyl-C > Alkyl-C (Dou et al., 2008; Edwards et al., 2011; Sinsabaugh et al., 2015) . Although SOC content in CZ was higher than in BZ (Table 2) , redundancy analyses showed that Alkyl-C was positively correlated with soil temperature, negatively correlated with soil moisture as well as soil N content ( Figure 5 ). Figure 4 illustrates that the Alkyl-C percentage in CZ was lower than in BZ, while the percentages of Aromatic-C and Carbonyl-C were slightly higher than in BZ. The different C compositions contribute in explaining the Rs difference, especially in the Alkyl-C fraction.
CONCLUSIONS
Applying maize stalk residue (MSR) to cover the soil surface reduces seedtime soil respiration (Rs) due to soil properties altered by long-term maize stalk retention, such as decreasing soil temperature and increasing soil moisture, soil N content, and soil organic carbon (SOC) content. In addition, soil microbial abundances as well as the C compositions changed, and these changes also contribute to the Rs difference. Maize stalk retention reduced Rs at seedtime in the present study and is an effective method of soil C sequestration. The present study also has some limitations, for example, the quantitative relationship between stalk residue and Rs is still unclear, but this will be for future research work.
